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A B S T R A C T
Molybdenum nitride thin ﬁlms were deposited on (100) silicon substrates by R.F. magnetron sputtering of a Mo
target in a (Ar-N2) gas mixtures. The ﬁlms were studied by Scanning Electron Microscopy (SEM), Energy
Dispersive Spectroscopy (EDS) and X-ray diﬀraction. The nanomechanical properties have been determined by
nanoindentation and Peak-Force Quantitative Nanomechanical Mapping (PF-QNM). The total internal stresses
were determined by curvature measurements and the Stoney formula.
As thin ﬁlm composition inﬂuences the morphology, the stress state and the mechanical properties, mod-
iﬁcations are expected in this study where the nitrogen content is tuned. The ﬁlm exhibits a polycrystalline
structure with preferred orientation along (111) plane. The increase of the nitrogen content in the coating (N/
Mo = 1.1) induces a broadening of the full width at half maximum (FWHM) of the (111) diﬀraction peak, which
is attributed to the presence of smaller crystallites. The residual stress and mechanical properties variation were
correlated to the structural transition from γ-Mo2N to hexagonal and cubic MoN. The results show a good
agreement between the nanomechanical properties obtained by nanoindentation and PF-QNM.
1. Introduction
Transition metal nitride thin ﬁlms have been widely applied to
microelectronic, opto-electronic, anti-wear and anti-corrosion coating.
Many studies were focused on titanium and chromium nitride as pro-
tective coatings [1–5]. Due to their mechanical stability Mo-N coatings
make a good candidate for wear resistant coatings in tribological ap-
plications [6]. Mo-N thin ﬁlms were also considered for wear protective
coatings [7] and as diﬀusion barriers for aluminum in ultra-large-scale
integrated circuits (ULSI) [8]. Various techniques are used to deposit
Mo-N coatings [9], vacuum-arc evaporation [10], plasma-enhanced
chemical vapor deposition (PECVD) [11], cathodic arc PVD [6] and
nitride layers by ion implantation [12]. And among these techniques,
DC and R.F. magnetron sputtering are the most versatile processes al-
lowing deposition of ﬁlms with high quality even at low substrate
temperatures [9]. The equilibrium phase diagram of molybdenum-ni-
trogen proposed by Jehn [13], enriched by computed phases of non-
stoichiometric transition metal nitrides Mo3N2 [14], shows three stable
phases: the tetragonal β-Mo2N phase at low temperature, the cubic γ-
Mo2N phase stable at high temperature and the hexagonal δ-MoN phase
up to 50 at.% nitrogen concentration. Using non-equilibrium processes,
the phase structure of Mo-N coatings depends on the deposition tech-
nology, and mainly on the pressure of nitrogen in the working chamber
and the substrate bias voltage [15]. Ihara et al. report also on the ex-
istence of a cubic ζ-MoN phase [16]. While this phase is thermo-
dynamically unstable, a stabilization can be achieved using non-equi-
librium techniques such as R.F. sputtering in high nitrogen partial
pressure, nitrogen ion implantation, or low energy ion assisted de-
position [17,18]. The mechanical properties of the molybdenum nitride
coatings are ﬁrmly dependant on the nitrogen pressure in reactive
sputtering [19]. The ζ-MoN phase is predicted to have the highest su-
perconducting temperature among all refractory binary carbides and
nitrides with Tc = 29.4 K [20]. However, a narrow set of parameters
provide an incomplete and misleading results, so more information
about the material structure and applicability can be gained by me-
chanical testing [21].
This paper reports on structural and mechanical properties of mo-
lybdenum nitride thin ﬁlms grown by R.F. magnetron sputtering in a
(Ar-N2) gas mixture. The aim is to contribute to the understanding of
the inﬂuence of nitrogen addition to the plasma on the ﬁlm properties.
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We have investigated the eﬀect of the nitrogen partial pressure on the
microstructure and diﬀerent physical properties of Mo-N ﬁlms. A cor-
relation between the changes observed and the phase transition is ex-
amined.
2. Experimental
Molybdenum nitride ﬁlms were deposited by R.F. (13.56 MHz) re-
active magnetron sputtering in an NORDIKO 3500 system as described
in a previous paper [22]. The target is a 100 mm diameter disk of pure
molybdenum (purity 99.98 at.%). The chamber is pumped down via a
cryogenic pump backed by a primary pump, allowing a residual va-
cuum of about 10−7 mbar. Argon (working gas) and nitrogen (reactive
gas) were introduced into the chamber through a mass ﬂow controller,
while the absolute working pressure was ﬁxed at 5 × 10−3 mbar. The
gas pressure was measured using a BOC EDWARDS gauge. The nitrogen
partial pressures reach values of 20%, 30%, 40% and 50% of the ab-
solute working pressure. The target to substrate distance was about
170 mm with an angle of 30°, with respect to the substrate normal. The
R.F. power density on the cathode was ﬁxed at 3.18 W·cm−2, with the
R.F. voltage on the target ﬁxed at 800 V. All depositions were per-
formed at room temperature.
Before the deposition process, the Si substrates were cleaned in an
ultrasonic bath, ﬁrst with acetone then ethanol solutions, dried and
kept at room temperature. The target was cleaned by ion etching for
2 min in an argon plasma discharge.
The ﬁlm thickness was determined by step measurements using an
optical proﬁlometer (Wyko NT 1100), which was also used to obtain a
topographic image of the substrate before and after coating for the
stress calculations. The values and directions of the principal radii of
curvature were obtained by Gwyddion. The ﬁlm structure was ex-
amined by X-ray diﬀraction (XRD) using a Bruker D8 diﬀractometer
operating in Bragg-Brentano θ/2θ conﬁguration using a Cu Kα wave-
length (1.5406 Å), the scan was performed in two angle ranges of 2θ,
from 32° to 69° and 72° to 90° to avoid the intense diﬀraction peak of Si
substrate at 2θ= 69.13°. Scanning Electron Microscopy (JEOL JSM-
5900 LV) was used to analyze the microstructure and to conﬁrm the
ﬁlm thickness by cross-section images. The chemical composition of the
ﬁlms was obtained by energy dispersive X-ray spectroscopy.
Indentation and recording of force-displacement curves were performed
on a CSM Nano Instrument Berkovich Indenter. The elastic modulus
was calculated from the unloading part of load-penetration curves using
the standard Oliver-Pharr method. Elastic modulus and hardness values
were obtained by an average of ﬁve measurement runs. AFM mea-
surements were carried out in a Bruker Multimode IV, with a
Nanoscope V controller and an E “vertical” scanner, by the Peak Force
Quantitative Nanomechanical Mapping (PF-QNM®, Bruker) method.
PF-QNM is a contact AFM mode, based on the force-volume method. In
this type of method, force distance curves are collected by na-
noindentation of the sample in a point-by-point mode. The maximum
force (peak force) is controlled at each pixel to obtain force-distance
curves which are then used as feedback signal. In this method, the
loading and unloading force-distance curves are collected at a fre-
quency of 2 kHz at each position within the mapped area of the spe-
cimen. In parallel to topography images, information on material
elasticity (Young's modulus), deformation and tip-to-surface adhesion
force were obtained. The modulus distribution for each sample surface
was then plotted and ﬁtted with a modiﬁed exponential Gaussian law;
the reported moduli thus correspond to the center of the distributions
whereas the errors correspond to their widths. All measurements were
made in air and at room temperature. 1 μm× 1 μm (256 × 256 pixels
at 0.8 Hz) scans were taken at three diﬀerent locations on the sample
surface. The peak-force set-point was adjusted to 200 nN and the
Poisson's ratio was assumed to be equal to 0.3. Mechanical properties of
the cantilever, as well as tip geometry must be taken into consideration
when performing PF-QNM measurements in order to get relevant
results. All quantitative measurements were carried out with DNISP-HS
cantilevers (Bruker, USA) with a spring constant of 350 N/m and re-
sonance frequency of 50 kHz. The deﬂection sensitivity measured on
fused silica and the actual cantilever spring constant was measured by
the thermal tune method [23] and found to be around 260 N/m. Tip
radius was calibrated against a polystyrene standard provided by
Bruker. The measured value of the tip radius was 35 nm. Between two
measurements, the probes were recalibrated on the ﬁrst measured
sample, in order to take into account the wear of the tip, by adjusting
the tip radius value.
3. Results and discussion
3.1. Structural properties
Fig. 1 shows the X-ray diﬀraction spectra with a Bragg-Brentano θ/
2θ conﬁguration of molybdenum nitride thin ﬁlms deposited at dif-
ferent nitrogen partial pressure on silicon substrate. All the deposited
ﬁlms are polycrystalline. The ﬁlms obtained with 10−3 to
2 × 10−3 mbar nitrogen partial pressure (20%, 30% and 40% N2)
present diﬀraction peaks observed at 2θ= 37.1°, 42.8°, 62.3° and 74.8°,
corresponding to the (111), (200), (220) and (311) planes, respectively,
in cubic structure. Taking into account the standard reference sample
listed in (00-025-1366) PDF database, the ﬁlms can be assigned to the
γ-Mo2N phase in cubic structure with a lattice parameter of 4.194 Å
[24]. The lattice parameter of the ﬁlms calculated from the diﬀraction
plane (111), ranged between 4.194 Å and 4.266 Å. The crystal structure
of the γ-Mo2N synthesized at room temperature, is NaCl-like where the
Mo atoms occupy the positions of the fcc lattice points and nitrogen
atoms occupy 50% of the total octahedral sites [25].
Increasing the nitrogen pressure in the plasma causes a preferred
orientation of crystal growth along (111) direction, a shift of the dif-
fraction peak at low angle and a narrowing of the full width at half
maximum (FWHM) values.
At 2.5 × 10−3 mbar nitrogen partial pressure (50% nitrogen con-
centration), two overlapping peaks were observed at 2θ= 35.6°, 36.4°
and a small peak at 2θ= 42° corresponding to the hexagonal MoN
(200), cubic (111) and (200) planes respectively. However, the number
of peaks was changed, which indicates a change in the crystalline phase
of γ-Mo2N, something that could be assigned to the formation of hex-
agonal MoN and the B1-MoN phases [16,26]. The B1-MoN phase is also
known as cubic metastable ζ-MoN phase [9,27,28]. The XRD pattern
exhibits weak peaks at 2θ= 47.8°, 54.7° and 56.4°, which correspond
to undesirable polychromatic substrate reﬂections. The peak at
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Fig. 1. XRD spectra for Mo-N layers deposited on Si substrate as a function of the partial
pressure of nitrogen in plasma: 20% N2, 30% N2, 40% N2, and 50% N2, at a working
pressure of 5 × 10−3 mbar.
2θ= 61.7° is associated to the Si substrate reﬂection of the Cu Kβ
(1.3922 Å) line.
Previous studies report the elastic instability of B1-MoN structure
[29]. Koutná et al. [30] have reported that the Mo0.91N (MoN1.09)
structure is more stable than the perfect phase by ab initio calculations.
Similar result has been found with ﬁrst principles calculations, that
indicate that the cubic MoNx with 0.54 < x < 1.3 is the most stable
when containing both anion and cation vacancies [31]. Donovan and
Hubler [32] have produced the metastable B1-MoN by electron beam
evaporation deposition of molybdenum with simultaneous bombard-
ment by nitrogen ions.
In a previous study of Inumaru et al. [33], the preparation of the
crystallized stoichiometric and nitrogen-deﬁcient B1-MoN ﬁlms by
pulsed laser deposition is reported. On the other hand, Stöber et al.
reported that at 50% nitrogen content the Mo-N thin form crystallite
sizes of 6.4 nm and a more pronounced texture of the γ-Mo2N structure
[34]. Saito and Asada have reported a phase change from the cubic γ-
Mo2N to a B1-type MoN by increasing the N2+ ions implanted in
sputtered Mo thin ﬁlms at room temperature [35]. Others [6,36,37]
reported the existence of a mixed phase of cubic γ-Mo2N and hexagonal
δ-MoN crystalline structure as the nitrogen concentration increases in
the plasma. Some others observed the crystalline γ-Mo2N phase in their
ﬁlms and when the nitrogen concentration increased to 50% the tran-
sition to an amorphous structure is reported [38]. Anitha [25] has
found that γ-Mo2N is the only phase present as the nitrogen con-
centration increases.
In the present study, γ-Mo2N is indeed the only phase present as the
nitrogen concentration increases from 20% to 40% in the plasma.
Under high nitrogen content environments, excessive number of octa-
hedral sites could also be occupied by nitrogen atoms, resulting in an
increase of the γ-Mo2N lattice parameters as well as a reduction of the γ-
Mo2N structure stability. But, at 50% nitrogen concentration in the
plasma and therefore high nitrogen content in the ﬁlm, the coexistence
of two phases δ-MoN and metastable B1-MoN were observed with
hexagonal and cubic structures respectively. Increase of nitrogen con-
tent in the ﬁlm induces a disappearance of the (220), (311) diﬀraction
peaks and an increase of the FWHM of (111) the diﬀraction peak, which
is attributed to the presence of smaller crystallites. Levy et al. have
found that the low stability of the cubic MoN phase is related to the
electron occupancy of the valence band as determined using XPS
technique [39]. The diﬀraction lines are shifted to lower angles in-
dicating stress in the ﬁlms. This shift in the peaks of γ-Mo2N cubic phase
is already reported by several researchers [27,34]. The estimation of
the crystallite size in the ﬁlms is determined using the Debye Scherrer
formula [40].
=D 0.89λ
βcos(θ)hkl (1)
where Dhkl is the crystallite size, λ is the X-ray wavelength 1.5406 Å Cu,
β is full width at half-maximum (FWHM) and θ is the angle reﬂection of
(111) direction. The crystallite sizes of all ﬁlms are relatively small in
comparison to the values of other transition metal compounds such as
TiN, TiC and CrN [25,41], having a grain size in the range 9–18 nm
depending on the nitrogen partial pressure. The calculated grain sizes
and the lattice parameters from (111) diﬀraction peak are shown in
Fig. 2.
It is observed that the lattice parameter increases as the N/Mo ratio
in the ﬁlm increases, while the crystallite size ﬁrstly increases from 9.2
to 18 nm and signiﬁcantly decreases to 12 nm at 50% nitrogen con-
centration. The increase of the lattice parameter and the crystallite size
with an increasing nitrogen fraction is due to the incorporation of ni-
trogen atoms in the otherwise unﬁlled octahedral interstitial sites
[25,39]. While the stress is strongly dependent on the grain size [1], its
changes could be expected and correlated with the crystallite size
evolution (see Section 3.4).
3.2. Films composition
The concentration of molybdenum and nitrogen in the ﬁlms, esti-
mated from the EDS spectra, is presented in Table 1. In all ﬁlms, a low
content of oxygen is found as impurities. The increase of the nitrogen
partial pressure in the chamber induced a decrease in the atomic
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Fig. 2. Crystallite size and lattice parameter as a function of N/Mo ratio in the ﬁlms at
5 × 10−3 mbar working pressure and 3.18 W·cm−2 power density.
Table 1
Elemental concentration and grain sizes of Mo-N thin ﬁlms deposited under diﬀerent
nitrogen partial pressure.
Nitrogen partial
pressure in the
plasma (mbar)
Content at.% N/Mo
ratio
Thickness (μm) Crystalline
size (nm)
Mo N O
1 × 10−3 54.6 42 3.4 0.77 1.35 9.6
1.5 × 10−3 47.4 46.3 6.4 0.97 1.20 11.1
2 × 10−3 46.9 49.3 3.9 1.05 1.12 13.6
2.5 × 10−3 45.8 50.5 3.7 1.10 0.98 8.4
Fig. 3. SEM cross-section images of Mo-N ﬁlms at diﬀerent nitrogen partial pressure (a)
10−3 mbar, (b) 1.5 × 10−3 mbar, (c) 2 × 10−3 mbar, (d) 2.5 × 10−3 mbar.
percentage of molybdenum in the ﬁlms, mostly attributed to the for-
mation of compound layer MoN on the target surface due to the phe-
nomena of target poisoning. The ﬁlms presented here were prepared in
20%–50% nitrogen content in the plasma and have nitrogen content
into the ﬁlm in the range of 0.77 to 1.10. When the nitrogen partial
pressure increased during the deposition, the ratio N/Mo also increased
in the ﬁlm. The atomic ratio N/Mo into the ﬁlms obtained is higher
than the N/Mo ratio in γ-Mo2N structure (0.5), this indicates in-
corporation of excess nitrogen in the otherwise unﬁlled octahedral in-
terstitial sites of the γ-Mo2N structure [25,38]. In recent studies of Mo-
N ﬁlms [42], γ-MoNx phase was prepared with nitrogen partial pressure
to total pressure ratios, PN2/PT between 0.2 and 0.32 with the content
of nitrogen in γ-MoNx phases in the range of x = 0.30–0.53 and crys-
tallized in single-phase cubic-structure. The critical nitrogen con-
centrations for the Mo to γ-Mo2N phase transition varied from author to
author [38,43]. Ozsdolay et al. [31] have deposited MoNx/MgO(001) at
diﬀerent temperatures in the range 600 °C to 1000 °C, and the N/Mo
ratio decreased when the temperature increased from 1.25 to 0.69 and
reported a cubic rock-salt type structure.
3.3. Growth morphology
Fig. 3 shows SEM cross-section images of Mo-N ﬁlms on Si sub-
strates. The ﬁlm at 20% of nitrogen partial pressure has the denser
morphology and presents a smoother surface than the others Fig. 3(a).
A columnar structure with distinctive dense areas and rough surface
were observed when the nitrogen partial pressure increases Fig. 3(b).
The coating prepared at 2 × 10−3 mbar has a columnar microstructure
Fig. 3(c). A tilt of about 10° is observed for coatings (c) and (d),
probably due to the target inclination. This is consistent with the
working pressure and the target inclination angle [22,44]. This tilt is
not seen for the other ﬁlms, due to the fracture direction of the silicon
substrate certainly orthogonal to the column tilt ones. The ﬁlm ob-
served in Fig. 3(d) has a dense columnar structure and less thickness
than the other ﬁlms, which is consistent with the decrease of the
sputtering yield. The target surface was poisoned and the compound
formation results in a decreased target erosion rate [45,46].
3.4. Mechanical properties
3.4.1. Determination of residual stress
Residual stress consists of thermal stress originating by the diﬀer-
ence in the substrate and the coating thermal expansion coeﬃcients,
and the intrinsic stress caused by ion bombardment, lattice mismatch
and chemical reactions of the layer [47,48]. The residual stress in the
thin ﬁlms was calculated using the Stoney equation [49,50]:
=
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where Es is the substrate's Young modulus, νs the substrate's Poisson
ratio, hs is the substrate's thickness, hf the thickness of the ﬁlm and R
the radius of curvature of the ﬁlm after initial curvature correction. The
extraction of the principal directions radii is performed by the
“Gwyddion software” from the subtraction of the substrate images be-
fore and after deposition. The residual stress in the ﬁlms at diﬀerent N/
Mo ratios is presented in Fig. 4.
In all ﬁlms, a compressive stress state is observed. From 0.77 to
0.97 N/Mo ratios, the compressive residual stress decreases of about
85 MPa. With a small increase in nitrogen content in the ﬁlm (N/
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Fig. 4. Residual stress as a function of N/Mo ratio in the ﬁlms at 5 × 10−3 mbar of
working pressure and 3.18 W·cm−2 power density.
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Fig. 5. (a) Load-displacement for Mo-N coatings as a function of the depth penetration, (b) evolutions of the hardness and elastic modulus of ﬁlms as a function of N/Mo atomic ratio at
5 × 10−3 mbar of working pressure and 3.18 W·cm−2 power density by nanoindentation and PF-QNM measurements.
Mo= 1.05) the stress state remains constant which appears to be re-
lated to the increase of the crystalline size and to the progressive ap-
pearance of ζ-MoN. At N/Mo ratio of 1.1 a value of −290 MPa is ob-
served (a sudden increase of about 100 MPa). The high compressive
stresses is generated by a high density of the grain boundaries and
defects as reported by Detor [51] and the presence of hexagonal MoN.
Sarioglu et al. [47] have reported that residual stresses in the hexagonal
MoN ﬁlms was greater than the residual stresses in cubic Mo2N. Fol-
lowing the XRD investigations, it corresponds to the smallest crystallite
size and to the coexistence of δ-MoN and ζ-MoN phases.
3.4.2. Hardness and elastic modulus
In transition metal compounds, the chemical bond and cohesion
energy are related to the mechanical properties, like Young's modulus
and hardness [39]. Fig. 5(a) displays nanoindentation measurements
for the diﬀerent samples as a function of the depth penetration. The
indentation depth of the curve of the Mo-N depends of the nitrogen
concentration in the ﬁlm. The result is in good agreement with the
Fig. 6. Representative maps of topography
(1 μm× 1 μm) and DMT modulus
(1 μm× 1 μm) of samples at 20% N2 ((a) and
(b)), 30% N2 ((c) and (d)), 40% N2 ((e) and (f))
and 50% N2 ((g) and (h)) obtained with Peak
Force QNM. The height color scale represents the
height from 0 to 20 nm. The DMT modulus color
scale represents the modulus from 0 to 700 GPa.
(For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the
web version of this article.)
variation of the compressive residual stress into the ﬁlm and the in-
formation obtained from the microstructure images. The ﬁlms at 20%
and 50% nitrogen concentration in the plasma present high compres-
sive stresses and dense microstructure areas, consequently the pene-
tration of the indenter is lower than in the other ﬁlms and inhibit crack
propagation in the coating, while at 30% and 40% nitrogen con-
centration low compressive stresses and separate columnar areas would
facilitate crack propagation and changes in the mechanical properties
of the thin ﬁlms. However, the indentation depth at 40% and 50% ni-
trogen concentration is greater of about 10% than for the other ﬁlms
and the substrate properties can aﬀect the calculated hardness and
elastic modulus of the ﬁlms. The best way to estimate the hardness of a
ﬁlm is to deposit it on a substrate that has the same elastic modulus as
that of the ﬁlm, but unfortunately this occurs rarely [52]. The measured
hardness variation is explained by morphological changes. The ex-
tracted values of hardness H and elastic modulus E for each ﬁlm are
represented in Fig. 5(b) as a function of the N/Mo atomic ratio. A
correlation between the hardness and elastic modulus with the pene-
tration depth is observed. The values of H and E lay in the range be-
tween 13 and 18 GPa, and 198 to 240 GPa respectively, depending on
the nitrogen partial pressure in the plasma and N/Mo ratio in the ﬁlms.
The hardness and elastic modulus measured by nanoindentation,
and the predicted values of hardness and elastic modulus are in good
agreement with the residual stress values. It is observed that at large
compressive stress the values of H and E are higher than the values at
lower stress state, whereas the penetration of the indenter decreases.
These values are smaller than those reported for γ-Mo2N coatings de-
posited on stainless steel substrates (23 GPa and 290 GPa for H and E
respectively) [43] or a hardness of 33 GPa reported for sputtered cubic
MoN0.53 [42,53]. We can explain this by the changes in the bonding
energy in the ﬁlms when the nitrogen concentration increases. For bulk
γ-Mo2N, a hardness value of 17 GPa is reported in literature [54,55].
The increase of the grain size when the nitrogen partial pressure
increases from 20% to 40%, is followed by a decreasing hardness.
Sundgren [1] has reported that the microstructure is of great im-
portance for the physical properties of TiN thin ﬁlms. The micro-
structure strongly inﬂuences the hardness and the stress values of Mo-N
compounds. Hones et al. have reported that the hardness of mo-
lybdenum nitride ﬁlms decreases with an increasing nitrogen content in
the fcc γ-Mo2N structure [55]. So the signiﬁcant increase of hardness
and elastic modulus observed at 1.1 N/Mo ratio may be related to the
coexistence of both hexagonal and cubic MoN structures.
The Mo-N samples were also studied with the Peak-Force QNM
imaging mode. Fig. 6 shows the recorded topography and maps of the
elastic modulus for the samples. The average roughness (calculated
from the height images) was 6, 7, 33 and 11 nm for samples at 20%,
30%, 40% and 50% nitrogen concentration in plasma respectively. The
height images show that the surface topography strongly depends on
the N2 ratio in the plasma. The sample at 20% N2 appears to be dense
Fig. 6(a), where only few and small clusters or grains can be seen at the
surface. The size of these clusters or grains seems to increase with an
increasing N2 concentration Fig. 6(c) and (e). However, small grains are
found at 50% N2 concentration, as seen in Fig. 6(g). This behavior or
evolution of the grain size with the concentration of N2 was also ob-
served by the XRD (Section 3.1).
The Derjaguin-Müller-Toporov (DMT) ﬁt model was used to calcu-
late elastic moduli using the unloading parts of the force curves.
Fig. 6(b, d, f and h) shows the Young's moduli maps of samples. All Mo-
N ﬁlm surfaces ﬁlms exhibit heterogeneous contrast depending on its
compositions. The dark green domains (low modulus) are clusters
surface (highest parts of ﬁlm surface), while the light green domain
(high modulus) corresponds to the lowest parts of sample surface. This
observation underlines the importance of low surface roughness for the
nanomechanical testing of material surfaces. The average values of the
DMT elastic modulus of Mo-N samples are shown in Fig. 5(b). The
strong variation of the measured moduli presumably comes from the
topological roughness and impurities. The values are a factor of 1.2 to
2.3 smaller than the nanoindenter-measured moduli. The value of the
elastic modulus of the sample at 20% N2 was found to be
190 ± 50 GPa. This value is close to the nanoindenter value
(≈240 GPa) but still seems to be underestimated. The diﬀerence be-
tween AFM and nanoindenter moduli values can be attributed to the
loading force used. For the AFM measurements, the loading force is
about 200 nN, thus the probe depth penetration (≈3 nm) is smaller
than the one used in nanoindenter analysis 5 mN and 140 nm respec-
tively. In addition, since the AFM probes used in this work are speciﬁed
by the manufacturer to cover the range from 10 to 100 GPa, moduli
exceeding 100 GPa are maybe underestimated [56], although suﬃcient
deformation was achieved. Nevertheless, even if there is a diﬀerence
between the modulus values measured by AFM and nanoindenter, the
elastic modulus behavior as a function of the concentration of the N2
added in the plasma phase remains the same in both cases. Indeed, the
AFM modulus decreases with increasing N2 concentration until 40%
and then increases for 50% of N2 in the plasma.
4. Conclusion
In this study we have investigated the microstructure, residual stress
and mechanical properties of molybdenum nitride deposited by re-
active R.F. magnetron sputtering. The face centered cubic (fcc) γ-Mo2N
phase was the only phase presented in the range from 20% to 40%
nitrogen in the plasma while, at high nitrogen content (50%) in the
plasma the coexistence of hexagonal and cubic MoN phases were ob-
served. The signiﬁcant increase of the compressive stress and the
changes in the mechanical properties (hardness and elastic modulus)
observed at 50% nitrogen concentration in the plasma may be related to
the observed change of structure from γ-Mo2N to δ-MoN and B1-MoN;
this needs to be further investigated. A clear correlation between mi-
crostructure, residual stress and mechanical properties of the ﬁlms was
found to exist.
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